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Research paper

Research on the shrinkage performance and pore
characteristics of flexible solidified silt based on solid waste

Xianjin Xu1, Lei Zhang2, Shuai Liu3, Shutao Meng4, Chao Li5,
Zhaoyun Sun6, Jincheng Wei7, Hongbo Zhang8

Abstract: This study aimed to verify the effect of solidification materials based on solid waste on the
shrink-age performance of silt, the main raw materials of solid waste were red mud, zeolite powder, and
matrix asphalt. Temperature shrinkage and drying shrinkage tests were conducted to compare and analyze
the shrinkage characteristics using three kinds of solidification materials (2%, 4%, and 6%), with 6%
cement-solidified soil and plain soil used as control. The results showed that the solidification material based
on solid waste effectively reduced the temperature shrinkage strain and temperature shrinkage coefficient of
soil; moreover, the material had good resistance to temperature shrinkage deformation. A drying shrinkage
test showed that the addition of solidification materials based on solid waste considerably improved the early
water retention capacity of the test soil. The water loss process mainly occurred in the first 7 days of the test.
Meanwhile, the addition of the solidification material considerably reduced the drying shrinkage strain and
drying shrinkage coefficient of the test soil, and the effect was more obvious as the content amount increased.
Through NMR and CT scanning tests, the pore size and pore volume of the solidified material mixed with
solid waste were found to be significantly reduced. The dominant pore size ranged from 0.01 μm to 1 μm.
The solidification material based on solid waste improved the crack resistance of the soil, providing a new
reference measure for subgrade and roadbed fillers, as well as a new means for the recycling of solid waste.
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1. Introduction

Silt is a poor soil that cannot be used directly in highway construction projects, and it
is typically improved with cement and other materials to meet performance requirements.
However, the hydration reaction of cement consumes a large amount of water, leading to
an easy occurrence of a drying shrinkage strain and a temperature shrinkage strain in the
cement–soil mixture, which affects the overall strength and stability of the road [1–3].

Numerous industrial wastes, such as red mud, tailings, and steel slag are produced during
industrial production. The stacking of these industrial wastes seriously affects the surrounding
ecological environment. It is crucial to promote environmental protection and sustainable
economic and social development as a way of addressing the environmental pollution and
potential safety problems caused by improper disposal and stockpiling of bulk industrial solid
waste. These efforts can be made from the perspectives of industrial waste reduction, recycling,
and reuse. Meanwhile, red mud, tailings, steel slag, and other industrial wastes often meet the
basic physical and mechanical requirements of road filling materials, and many scholars [4–8]
have used these materials in road engineering projects. Therefore, resources are recycled
while engineering costs are minimized through the use of these materials to develop new road
building materials and their large-scale application in highway engineering construction. Red
mud has a porous structure, a large specific surface area, and strong adsorption. It can be used
to clean gas and treat sewage [9–12].

Alkan G [14] analyzed the chemical and mineral composition of red mud and found
that the chemical composition mainly consists of SiO2 and Cao, including a small amount
of Al2O3 and Fe2O3, and the mineral composition mainly consists of nepheline, boehmite,
and diaspore, with its physical properties similar to those of silty clay. Cao Ying et al. [15]
studied the solidification of red mud using phosphogypsum (dosage of 10–15%) as the active
ingredient. The study found that the red mud was alkaline, had good activation ability for
fly ash, and enhanced its activity. Qin Lusheng [16] conducted experiments to study the
red-mud base material of Shandong Aluminum Industry Co., Ltd. and found that the red-mud
road-base material mixed in the ratio of red mud:fly ash:cement = 80:10:10 had higher strength
and a greater rebound value, which meet the requirements of high-grade highways. Gaurav
Pande [17] reduced the amount of cement by increasing the amount of silica fume, reduced
the leaching of fluoride and other pollutants in red mud, and also reduced the pH value. Sun
Zhaoyun [18] prepared a red-mud, asphalt-powder curing agent using the sintering method
and verified its good curing performance.

Bituminous materials are complex mixtures of hydrocarbons and their derivatives of
different molecular weights, which are temperature-sensitive materials with flowing self-
healing properties [19–22]. The asphalt changes its state at room temperature to form a large
specific surface area, which is fully mixed with the silt particles and dispersed among them.
As the temperature rises, the asphalt softens, further filling the pores and micro cracks [23,24].
This phenomenon improves the material’s compressive strength and shear strength, makes the
entire material semi flexible, and realizes the function of self-healing and reinforcement for the
micro damage of the material [25].



RESEARCH ON THE SHRINKAGE PERFORMANCE AND PORE CHARACTERISTICS . . . 147

Alvaro Garcia [26] analyzed the healing process of asphalt using the theory of capillary
mechanics, established a capillary flow model, and proposed the hypothesis that under
appropriate temperature conditions, the capillary flow in asphalt microcracks leads to crack
closure, and the interface strength gradually recovers because of the diffusion of interface
molecules. Kim [27] showed that the chemical composition and structure of asphalt have
a vital impact on its self-healing performance. Asphalt containing a large number of small
molecules or light, long structural molecules has a strong self-healing ability; moreover, a
high aromatic hydrocarbon content promotes asphalt healing and recovery. The increase in the
content of heteroatoms such as sulfur, oxygen, and nitrogen enhances the polarity of asphalt and
increases its viscosity, which hinders its self-healing and recovery. The interactions between
the long-chain hydrocarbons in wax and aliphatic molecules cause the adsorption of van der
Waals forces, which promotes asphalt healing [28–30].

Silt has a low clay content, poor particle grading, high permeability, and significant water
sensitivity. The strength and stiffness of silt can be improved with traditional inorganic materials
such as cement and lime. However, certain problems persist, including poor water resistance,
poor frost resistance, drying shrinkage, and temperature shrinkage cracking. In this study, a
flexible solidification material based on red mud and asphalt was developed using inorganic
and organic composite methods. Silt solidification significantly improves the water resistance
and frost resistance of silt, reducing the degree of dry shrinkage and temperature shrinkage
cracking through the adequate improvement of the silt strength and stiffness.

2. Materials

2.1. Silt

The basic physical parameters of the silt used in this article were determined through
compaction tests and limit water content tests performed on the soil obtained from a certain
Yellow River floodplain area in Shandong, as shown in Table 1.

Table 1. Basic physical properties of silt

Maximum Dry
Density

(g·cm−3)

Optimum
Water Content

(%)

Liquid Limit
(%)

Plastic
Limit (%) Soil Classification

1.79 13.93 29.66 19.93 Low-Liquid-Limit
Silt Soil

An analysis of the basic physical properties of the silt showed that 𝑊𝐿 < 50, and IP = 9.73.
According to the classification criteria of soil [31], the soil sample can be classified as
low-liquid-limit silt soil.
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2.2. Cement

The cement used in this study was ordinary P.O42.5 Portland cement. The basic properties
of the selected cement were tested, and the following performance indicators were obtained in
Table 2.

Table 2. Physical and mechanical property indexes of cement

Density
(g·cm−3)

Specific Surface
Area (m2·kg−1)

Compressive Strength (MPa) Flexural Strength (MPa)
3 d 28 d 3 d 28 d

3.18 369.7 6.8 8.9 36.3 55.8

2.3. Flexible curing material

A flexible curing material (Fig. 1), an anti-shrinkage soil curing agent, was developed in
black powder with a particle size of less than 0.075 mm. The main raw materials used for
production were red mud, zeolite powder, and 70 # matrix asphalt. The red mud used was a
Bayer process red mud; the main mineral components were SiO2, Fe2O3, Al2O3, and CaO,
with mass ratios of 9.58%, 2.45%, 21.7%, and 43.15%, respectively. The penetration of 70 #
matrix is 70 (0.1 mm), and the softening point is 46.5◦C. The curing material mix ratio was
red mud: zeolite powder: 70# matrix asphalt = 22 : 1 : 100.

Fig. 1. Flexible curing material

3. Test methods

3.1. Curing agent ratio

To verify the influence of flexible solidification materials on the shrinkage performance of
soil, as well as the effectiveness, three proportions of solidification materials and cement were
designed to modify the soil. Meanwhile, the improved soil and that with only cement added
were used as control groups. The specific test scheme is presented in Table 3.



RESEARCH ON THE SHRINKAGE PERFORMANCE AND PORE CHARACTERISTICS . . . 149

Table 3. Test scheme

Combinations Cement (%) Flexible Curing
Material (%) Silt (%)

FC-0 6 0 100
FC-2 6 2 100
FC-4 6 4 100
FC-6 6 6 100
S-0 0 0 100

3.2. Compaction test

According to the test scheme, compaction tests were conducted on each experimental plan
to obtain the maximum dry density and optimal moisture content. The compaction results of
each plan are presented in the Table 4.

Table 4. Compaction test data

Combinations
Maximum Dry

Density
(g· cm−3)

Optimum Water
Content (%)

FC-0 1.98 16.78
FC-2 1.93 14.03
FC-4 1.78 14.22
FC-6 1.83 14.35
S-0 1.79 13.93

3.3. Specimen preparation

A center beam specimen with a size of 10 cm × 10 cm × 40 cm was selected. According
to the compaction test, the maximum dry density and optimal moisture content of the material
were obtained, and the material was compacted and formed with a compaction degree of 96%.
The formed specimen was placed in a standard curing room and maintained for seven days
under standard curing conditions of 20◦C ± 2◦C and humidity ≥ 95%. On the last day of the
curing period, the specimen was soaked in water.

3.4. Temperature shrinkage test

After the specimens were completely cured, each was placed in the oven and baked at a
constant temperature until no free water remained in the specimen. After drying, the specimen
was placed in a dry and ventilated place to air at room temperature. The specimen was moved
into a high- and low-temperature alternating test chamber, and the temperature control program
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was set to start from 50◦C, reducing at a step of 10◦C until reaching –10◦C; the cooling rate was
0.5◦C/min when the temperature dropped to the set temperature. After setting the temperature,
the oven was kept warm for 3 h. The dial indicator reading was taken within 5 min before the
end of the holding period.

The temperature shrinkage performance is usually represented by the temperature shrinkage
coefficient (𝛼𝑇 ), which refers to the linear shrinkage coefficient of a material under unit
temperature change. The formulas are to be referred to as Eq. (3.1).

(3.1) 𝛼𝑇 =
Δ𝜀

Δ𝑇

where: Δ𝑇 – the amount of temperature change (◦C); Δ𝜀 – the change in strain corresponding
to Δ𝑇 (%).

3.5. Drying shrinkage test

After the specimen preparation, the specimen was cured for 7 days according to the standard
curing method and soaked in water on the last day of the curing period. The surface of the
saturated specimen was wiped dry and placed on a drying shrinkage instrument in a constant
temperature and humidity test chamber to measure the drying shrinkage deformation of the
specimen. Meanwhile, the same specimen was placed in the constant-temperature and humidity
test chamber to measure the drying shrinkage water loss rate, and the temperature and humidity
in the test chamber were controlled to 20◦C and 60%, respectively.

Dry shrinkage performance is usually evaluated by indicators such as dry shrinkage
strain and dry shrinkage coefficient. The calculation formulas of dry shrinkage strain and dry
shrinkage coefficient are as Eq. (3.2) and Eq. (3.3).

𝜀𝑑 =
𝛿𝑑

𝐿
(3.2)

𝛼𝑑 =
𝜀𝑑

𝜔
(3.3)

where: 𝜔 – the water loss rate of the specimen (%); 𝜀𝑑 – the dry shrinkage strain of the
specimen (%); 𝛿𝑑 refers to the overall shrinkage of the specimen when the water loss is 𝜔 (mm).

3.6. Nuclear magnetic resonance (NMR) test

To analyze the evolution law of the pore structure of flexible solidified silt, nuclear magnetic
resonance (NMR) tests were performed on FC-6 (composite-stabilized silt samples) using the
pq-001 mini NMR nuclear magnetic resonance analyzer. Cylindrical stabilized silt samples
with a diameter of 50 mm and a height of 100 mm were selected for the tests. The transverse
relaxation time 𝑇2 of the saturated soil samples was tested after 1 d, 3 d, 7 d, 14 d, and 28
d curing ages to determine the evolution law of the pore distribution characteristics of the
stabilized silt samples with increasing curing ages. The samples were vacuumed and saturated
for 12 hours prior to the NMR tests.
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3.7. CT scan test

The samples were also scanned using a Zeiss Xradia 510versa X-ray imager. The samples
of silt (S-0), cement-solidified silt (FC-0), and flexible solidified silt (FC-6) were scanned, and
the changes in the pore structure of the different samples were compared and analyzed.

4. Results

4.1. Temperature shrinkage test results

As shown in Fig. 2, the variation pattern of the temperature shrinkage coefficient was
relatively consistent among different materials. The temperature shrinkage coefficient increased
with decreasing temperature. When the temperature range was between 10◦C and 0◦C, the
temperature shrinkage coefficient exhibited a decreasing trend, and when the temperature
range was between 0◦C and –10◦C, the temperature shrinkage coefficient showed an increasing
trend. The shrinkage of the soil with temperature change was mainly caused by the volume
changes of the solid and liquid phases within the material. As the temperature decreased, the
water remaining in the pores of the material was lost, and the tension in the meniscus in the
capillaries was reduced. Consequently, the original structural balance within the pores was lost,
increasing the coefficient of temperature shrinkage for the material. When the temperature
dropped to approximately 0◦C, the moisture in the capillary tube of the material changed from
the liquid to solid state, and the volume increased; this phenomenon caused a resistance to
the internal coupling force of part of the capillary wall particles, decreasing the temperature
shrinkage coefficient. As the temperature dropped further to –10◦C, the coupling force between
the particles within the capillary wall continued to increase, and the temperature shrinkage
coefficient also increased as a consequence.

Fig. 2. Variation of temperature shrinkage coefficient with temperature
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The average value of the material’s temperature shrinkage coefficient in each temperature
range reflects the overall level of the material’s shrinkage characteristics with respect to
temperature changes.

As shown in Fig. 3, Scheme S-0 had the largest average temperature shrinkage coefficient,
and that of Scheme FC-0 was 14.9% lower, with the average temperature shrinkage coefficient
of flexible solidified soil being the smallest. This result shows that cement and a flexible curing
agent have a significant improvement effect on the temperature shrinkage coefficient of soil.
For flexible solidified soil, as the dosage increased, the temperature shrinkage coefficient
reduced, and the flexible curing agent had a more obvious increasing effect on the temperature
shrinkage performance of the material. Compared with Scheme S-0, the average temperature
shrinkage coefficient of scheme FC-6 dropped by 36.2%, and the improvement effect was more
obvious than that of Scheme FC-0.

Fig. 3. Comparison of temperature shrinkage coefficients of different schemes

4.2. Drying shrinkage test results

4.2.1. Water loss rate
Time is an important factor in the water loss of soil. As soil water was lost through the

voids and capillary pores of the samples, their overall volume decreased while they shrank;
hence, the water retention degree of the materials is an important indicator to measure their
shrinkage performance. As shown in Fig. 4, the entire water loss process can be approximately
divided into three stages: surface water loss stage, internal gravity flow loss stage, and capillary
water loss stage. For the different materials, the initial stage of water loss was mainly the
surface water loss stage, and the water loss in this stage was the largest; in the internal gravity
flow loss stage, the water loss increased with time and the rate of change slowed down; in the
capillary water loss stage, the rate of change of the water loss rate tended to be milder.
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Fig. 4. The stage of water loss process

As shown in Fig. 5, in terms of the total duration of the water loss process, Scheme S-0
had the shortest duration of 12 days; the duration of Schemes FC-2 to FC-6 did not vary
significantly with the dosage, both of which were approximately 24 days. Although Scheme
FC-0 took the longest time, being 28 days, its final water loss rate was the highest, reaching
16.5%, indicating poor water retention of cementitious soil.

Fig. 5. Comparison of final water loss rates
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The water loss rate of Scheme S-0 changed considerably at the early stage, that is, the water
loss rate of the silt reached 11.65% on the first day of the experiment, ac-counting for 88% of
the final water loss rate. However, the relationship between water loss rate and time in the other
four schemes was relatively consistent, as they all showed substantial changes within the first 7
days. As time increased, the water loss rate gradually stabilized or slightly increased. The silt
specimen had better initial water retention and suppressed the generation of shrinkage cracks
in the specimen to some extent, compared with the case of Scheme S-0. On the seventh day,
for cement soil Scheme FC-0, the water loss rate reached 89.9%. For flexible solidified soil,
the water loss rate of Scheme FC-2 reached 87.5%, Scheme FC-4 reached 86.6%, and Scheme
FC-6 reached 85.5%. As the amount of flexible curing agent increased, the final water loss rate
decreased, and its water retention performance was enhanced. Therefore, during construction,
maintenance measures should be taken within 7 days after completion to avoid excessive water
loss leading to increased shrinkage strain.

4.2.2. Shrinkage strain

Figure 6 shows that the variation behavior of the drying shrinkage strain of Scheme S-0
differed from that of other materials. At the early stage of Scheme S-0, the drying shrinkage
strain changed most obviously, which mainly occurred 2 days before the drying shrinkage
test, and the drying shrinkage strain reached 89.5% of the total strain. The drying shrinkage
strain gradually slowed down with time and finally stabilized at 12 days; the drying shrinkage
strain of Scheme FC-0 and Schemes FC-2–FC-6 showed the same trend with time. The drying
shrinkage strain mainly occurred in the first 14 days of the test, and on the 14th day, the
drying shrinkage strain exceeded 85% of the total strain. The drying shrinkage strain gradually
stabilized with time.

Fig. 6. Variation of drying shrinkage strain with time
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A comparison of the overall drying shrinkage strain and average drying shrinkage coefficient
of the three materials, as shown in Fig. 7, shows that FC-6 < FC-4 < FC-2 < FC-0 < S-0,
indicating that both cement soil and flexible solidified soil can effectively inhibit the increase
in drying shrinkage strain, and the effect of the flexible curing agent is better. The higher
the dosage, the better the effect. According to the water loss rate and time variation, it can
be concluded that the flexible solidified soil had good early water retention and considerably
reduced the drying shrinkage strain of silt.

Fig. 7. Comparison of average drying shrinkage coefficients of various schemes

4.3. Aperture characteristics in T2 spectrum

The shrinkage property of a material is strongly related to its internal pore structure. To
analyze the evolution law of the pore structure of the flexible solidified silt, an NMR test was
conducted on the FC-6 sample. According to the NMR theory, when the porous medium is
completely saturated, the transverse relaxation time 𝑇2 of a single pore is directly proportional
to the ratio of the surface area (𝑆) and volume (𝑉) of the pore. Therefore, the distribution
of 𝑇2 obtained from the soil sample test can be used to convert the pore size distribution
characteristics of the soil sample.

The 𝑇2 distribution curve of the stable curing at different ages is shown in Fig. 8. To identify
the pore size corresponding to the 𝑇2 distribution curve, pores with a transverse relaxation
time 𝑇2 of 0.1 ms to 10 ms are classified as micropores, and those with a 𝑇2 of 10 ms to 100
ms are classified as macropores. The 𝑇2 distribution curve of the solidified silt at different ages
follows a bimodal distribution. To facilitate the analysis of the test results, the signal peaks on
the left and right sides of the 𝑇2 distribution curve are defined as the main peak and secondary
peak, respectively.
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Fig. 8. 𝑇2 distribution curve of stable curing at different ages

In general, as the curing age increased, the maximum value of the main peak increased
before 14 days but decreased significantly at 28 days. The maximum value of the secondary
peak gradually shifted to the lower left with increasing age. This phenomenon shows that a
positive correlation exists between 𝑇2 and pore size, and the integral area of the curve of the 𝑇2
spectrum is the total pore volume. Therefore, considering the change trend of the 𝑇2 distribution
curve with age, it can be concluded that the proportion of macropores in the solidified silt
samples decreased with age, while the proportion of micropores increased with age. This
indicates that after adding the curing agent, the hydration products in the samples continuously
increased with age. The bonding and filling effects of the hydration products resulted in a
gradual decrease in the volume and quantity of the macropores, some of which transformed
into micropores, resulting in an overall increase in the proportion of micropores in the sample.

From the relaxation mechanism of NMR, three types of relaxation exist for fluids in
porous media: transverse volume (free) relaxation, transverse surface relaxation, and diffusion
relaxation. Studies on the pore water in soil media showed that the effects of free and diffusive
relaxations on the relaxation time 𝑇2 were negligible. Moreover, the 𝑇2 value of the pore water
in the soil samples was only related to the internal structural pores of the soil. The formulas
are to be referred to as Eq. (4.1)

(4.1)
1
𝑇

= 𝑃2
𝑆

𝑉
= 𝐹𝑠

𝑃2
𝑟

where: 𝑟 – the pore size (μm), 𝐹𝑠 – he pore shape factor, the spherical pore is 3, the columnar
pore is 2, 𝑃2 – the transverse relaxation rate, and the transverse relaxation rate of silt is 325 μm/s.

To accurately evaluate the variation pattern of the pore size of flexible solidified silt during
early maintenance, the 𝑇2 corresponding to the peak in the 𝑇2 distribution curve is characterized
as the dominant pore size in the soil sample. Simplifying the value of 𝐹𝑠 in Eq. (4.1) to (4.2),
Eq. (4.1) can be transformed into Eq. (4.2):

(4.2) 𝑟 = 2𝑃2𝑇2
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As shown in Table 5 and Fig. 9, the dominant pore size of the macropores decreased with
curing age, while the dominant pore size of the micropores increased continuously with curing
age. This phenomenon can be explained as follows: the increase in curing age was accompanied
by the gradual filling of the soil pores by the hydration products of cement, which gradually
reduced the size of the macropores and decreased the overall number of pores.

Table 5. The dominant pore size of flexible solidified silt at different curing ages

Curing ages Dominant pore size
of micropores (𝛍m)

Dominant pore size
of macropores (𝛍m)

1d 0.090 3.915

3d 0.095 3.865

7d 0.125 3.405

14d 0.130 2.560

28d 0.130 1.890

Fig. 9. Variation of dominant pore size of stabilized silt with curing age

As shown in Fig. 10, the pore diameter distribution ranged from 0.01 μm to 10 μm. With
the increase in curing age, the proportion of the pore volume with a pore size of 2.5 μm to
10 μm decreased, and the pores with a size of 0.01 μm to 1 μm gradually became the dominant
pores. As shown in Fig. 10. Variation of pore size distribution Fig. 11. Variation of accumulated
pore volume the cumulative pore volume decreased with the increase in curing age, and the
accumulated pore volume of the stabilized silt decreased from 55.3 cm3 to 40.1 cm3 after 28
days of curing.
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Fig. 10. Variation of pore size distribution

Fig. 11. Variation of accumulated pore volume

4.4. CT 3D imaging analysis

The three-dimensional structure of the samples was reconstructed using an image analysis
software, and the structure and pore characteristics of different silt specimens before and after
solidification were analyzed. Owing to the differences in the X-ray absorption rates because of
different densities, the CT image after scanning was presented in two parts: a high-density
soil matrix part and a low-density porous part. Hence, the pore structure of the sample was
statistically analyzed using the built-in shape analysis function of the software.



RESEARCH ON THE SHRINKAGE PERFORMANCE AND PORE CHARACTERISTICS . . . 159

The resolution of the CT image was 1.28 μm, and the 3D images and pore distribution of the
reconstructed soil sample are shown in Fig. 12. The 3D images show considerable differences
in the pore morphology of the soil aggregates, with pores of different sizes existing in the
aggregates. Also observable are numerous macropores, elongated or irregularly rectangular
pore shapes, and small round and elongated pores. The pores of the cement-cured silt are
evenly distributed, the pores of different pore sizes are distributed, and the macropores are
different. The 3D diagram of the soft-cured silt is dominated by small pores whose distribution
pattern results in a compact and dense aggregate structure, which is consistent with the results
of the shrinkage performance measurements.

(a)

(b)

(c)

Fig. 12. Three-dimensional reconstruction of CT scan: (a) Silt, (b) Cement-cured silt, (c) Flexible
solidified silt

The pore diameter distribution mainly ranged from 0.01 μm to 15 μm. According to
the pore size, the aggregate pores were divided into four grades: 0–5, 5–10, 10–15, and
> 15 μm. Meanwhile, the differences in the pore size distribution of the soil aggregates of
silt, cement-solidified silt, and flexible solidified silt were compared, as shown in Fig. 13.
The figure shows that the increase in the flexible curing materials is followed by a downward
macropore trend, a decrease in the proportion of the 10–15 μm pores from 44% to 12%, and a
significant increase in small pores < 5 um from 13% to 38%. This result is consistent with the
results of the NMR, and the aggregates of the softly cured silt have a smaller pore distribution,
indicating that the aggregates have a good structure, stronger stability, and better mechanical
properties and durability.
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(a)

(b)

(c)

Fig. 13. The pore distribution of CT scan: (a) Silt, (b) Cement-cured silt, (c) Flexible -solidified silt

5. Conclusions

In this study, the shrinkage performance of a flexible-soil-solidified material based on solid
waste was investigated. The following conclusions were obtained:

1. Adding a flexible curing agent based on solid waste can effectively improve the
temperature shrinkage characteristics of soil and reduce the temperature shrinkage
strain and temperature shrinkage coefficient; the improvement effect also increases with
increasing dosage;
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2. Temperature shrinkage tests showed similarities among the temperature shrinkage
variation behaviors of various materials. As temperature decreases, the temperature
shrinkage coefficient initially increases, which is followed by a decrease and then an
increase. The temperature shrinkage coefficient increases with a decrease in temperature.
When it reaches the temperature range of 10◦C to 0◦C, the temperature shrinkage
coefficient decreases. At the temperature range of 0◦C to –10◦C, the temperature
shrinkage coefficient increases again;

3. The stabilized soil mixed with a flexible curing agent based on solid waste and cement
can significantly improve the early water retention capacity of soil, and the water loss
process mainly occurs within the first 7 days of the test. Therefore, maintenance measures
should be taken within 7 days after construction is completed to avoid excessive water
loss that increases drying shrinkage strain;

4. An analysis of the relationship between drying shrinkage and time showed that plain
soil had the shortest time, being 12 days, and mainly occurred 2 days before the drying
shrinkage test. The time for flexible solidified soil was 24 days, and that for cement soil
was 28 days, which mainly occurred in the first 14 days of the drying shrinkage test;

5. According to the NMR test, the pore diameter distribution range is 0.01 μm to 10 μm.
The increase in curing age is accompanied by a decrease in the volume proportion of
pores having a size of 2.5 μm to 10 μm, with the pores having a size of 0.01 μm -1 μm
gradually becoming the dominant pores.

6. Through a CT scanning test, the aggregates of the flexible solidified silt were found to
have a smaller pore distribution, indicating that the aggregates had a good aggregate
structure and better mechanical properties and durability.
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